In triploblastic animals, Par-proteins regulate cell-polarity and adherens junctions of both 26 ectodermal and endodermal epithelia. But, in embryos of the diploblastic cnidarian Nematostella 27 vectensis, Par-proteins are degraded in all cells in the bifunctional gastrodermal epithelium. Using 28 immunohistochemistry, CRISPR/Cas9 mutagenesis, and overexpression of specific mRNAs, we 29 describe the functional association between Par-proteins, ß-catenin, and snail transcription factor 30 genes in N. vectensis embryos. We demonstrate that the aPKC/Par complex regulates the 31 localization of ß-catenin in the ectoderm by stabilizing its role in cell-adhesion, and that 32 endomesodermal epithelial cells are organized by a different cell-adhesion system than that of 33 overlying ectoderm. We also show that ectopic expression of snail genes, which are expressed in 34 mesodermal derivatives in bilaterians, are sufficient to downregulate Par-proteins and translocate 35 ß-catenin from the junctions to the cytoplasm in ectodermal cells. These data provide molecular 36 insight into the evolution of epithelial structure and distinct mesodermal tissue in metazoan 37 embryos.
Introduction

40
Bilaterian animals comprise more than the 95% of the extant animals on earth and exhibit 41 enormous body plan diversity (M. Q. Martindale & Lee, 2013) . One of the most important 8
We further tested this hypothesis by using genome editing by CRISPR/Cas9 targeting Nvpar-6 and 184 Nvpar-3 genes ( Figure 3D ). We did not observe any effects on the embryo until 36 hpf at 16ºC 185 (late blastula stage), indicating the activity of maternally loaded proteins up until that stage. When
186
NvPar-6 and NvPar-3 are mutated, the ectodermal epithelium loses its integrity, presenting 187 changes in thickness ( Figure S2B and S3A) , and interestingly, the endomesoderm (which does not 188 express these proteins) generates cells with mesenchymal-like morphotypes that are never 189 normally seen in this species ( Figure 3D ). In Nvpar-6 and Nvpar-3 mutant embryos, we also 190 observed the disruption of microtubules and actin cytoskeleton ( Figure S3B ), and AJs (visualized 191 with the ß-catenin antibody in Figure 3I ) that confirms our previous observations of their role in 192 regulating ectodermal cell polarity. Since we did not observe significant changes in the expression 193 of germ layer markers when these genes were disrupted (e.g. Nvbra, Nvsnail, NvSix3/6, and 194 Nvfz10; Figure S3E ), we believe that only cell adhesion, but not cell specification, was affected by 195 these experiments. Similar results were obtained when we overexpressed the mRNA encoding for 196 a dominant negative version NvPar-6 (dnNvPar-6) and NvPar-3 (dnNvPar-3) into N. vectensis 197 eggs ( Figure S2 and S4 ). However, dominant negative effects on the injected embryos were 198 observed at earlier stages (10-12 hpf) than the CRISPR/Cas9 mutants (zygotic expression) 199 because the mutant proteins compete with the wild type proteins (maternally loaded). Hence, in 200 these experiments, embryonic lethality (90%) and cell death were higher.
202
The NvaPKC/Par complex regulates transepithelial signaling. 
210
To assess whether the observed phenotypes on cell-cell adhesion are related to non-autonomous 211 cell regulation (trans-epithelial interactions), we repeated the above experiments randomly injecting 212 9 single blastomeres at 3-4 hpf (8-16 cell-stage) to make mutant clones in an otherwise wild type 213 background. In these experiments, only the cell-lineage of the injected blastomere would be 214 affected and would exhibit defective cell-cell adhesion in an otherwise undisturbed wild-type 215 background. If endomesodermal cells derived from an injected blastomere display 216 fibroblast/mesenchymal cell morphology, it would indicate that the organization of the 217 endomesodermal epithelium is not dependent on the ectoderm but, rather, an intrinsic cell-218 autonomous activity of the aPKC/Par complex ( Figure 3E ). Our results show that only ectodermal-219 but not endomesodermal-lineages are affected by these mutations (Figure 3F and S3D).
220
Presumptive ectodermal cells derived from an injected blastomere fail to maintain AJs (and 221 potentially SJs) and the resulting clone of epithelial cells loses its structural integrity inducing cell 
230
Interaction between the NvaPKC/Par complex and the canonical Wnt signaling pathway.
231
NvaPKC/Par complex regulates ß-catenin localization.
232
In bilaterians, AJs recruit members of the aPKC/Par complex and the direct interaction between 233 Par-3 and aPKC/Par-6 is required for the maintenance and maturation of AJs (Ohno et al., 2015;  234 Ragkousi, Marr, McKinney, Ellington, & Gibson, 2017) . AJs are characterized by the binding 235 between cadherins and ß-catenin: cadherins sequester ß-catenin from the cytoplasm to the cortex, 236 making it unavailable for nuclear signaling and endomesoderm specification (Kumburegama, 237 Wijesena, Xu, & Wikramanayake, 2011; Wikramanayake et al., 2003) . Therefore, using ß-catenin 238 as a marker for AJs, we separately co-injected NvPar-3::mVenus or a mutated dnNvPar-239 3::mVenus, with Nvß-catenin::RFP into uncleaved zygotes. We observed cortical co-localization of 10 injected with NvPar-3::mVenus and Nvß-catenin::RFP ( Figure 4A ). However, in embryos co-242 injected with Nvß-catenin::RFP and dnNvPar-3::mVenus, we observed an alteration of the sub-243 cellular expression of Nvß-catenin::RFP in all cells due to the translocation of ß-catenin from the 244 cortical AJs into cell nuclei ( Figure 4A ).
245
In addition, results from N. vectensis embryos treated with 5µm 1-azakenpaullone (AZ; an inhibitor 246 of GSK-3ß and a canonical Wnt agonist) suggest that GSK-3ß stabilizes AJs of epithelial cells in N.
247
vectensis embryos ( Figure S5 ). We observed an expansion of the expression domain of Par-6 248 ( Figure S5 ) and a stabilization of AJs (labeled with ß-catenin in Figure S5 ) in endomesodermal 249 cells of treated embryos, which was never observed in control embryos.
251
Interestingly, the association between the nuclearization of ß-catenin (canonical Wnt signaling 252 pathway) and the Par system has been poorly studied. Two studies, one in Drosophila (Sun et al., Figure 4C ) and single injected-262 blastomere CRISPR/Cas9 NvPar-3 knock-out ( Figure 4D ). This suggests that these treatments 263 induce EMT-like processes, not observed under control conditions ( Figure 4C ).
265
Thus, our data suggest that preexisting mechanisms downstream to the induction of EMT may 266 have been redeployed to segregate layers during the evolution to bilaterians. Bringing the question 267 whether or not endomesodermal genes would induce similar effects when they are expressed in N. 268 vectensis embryos.
11
We have recently showed that Nvbrachyury regulates apicobasal polarity of epithelial cells in N. Figure 5A ). This treatment also delocalizes NvPar-3 from the cell cortex when both 284 NvSnail::mCherry proteins are co-expressed with NvPar-3::mVenus ( Figure 5B ).
286
To determine the role of Nvsnail genes on cell adhesion/epithelial polarity, we randomly injected 287 single blastomeres at the 8-32 cell-stage with mRNA from both NvSnail-A::mCherry and NvSnail-288 B::mCherry together. The fluorescent dextran that was co-injected with the mRNAs could be used 289 to detect the clones where the over-expression of the co-injected mRNAs occurred in a "wild-type" 290 background ( Figure 5D ). Similar to the Nvpar-3 knock-out ( Figure 3F ), the expression of Nvsnail 291 genes is sufficient to induce the degradation of Par proteins and AJs (ß-catenin) from the ectoderm 292 and disrupts its epithelial integrity; however, nuclear ß-catenin was not observed under these 293 treatments ( Figure 5D ). Thus, nuclear Nvß-catenin::GFP observed in vivo when we overexpressed 294 NvSnail proteins ( Figure 5A ) is a consequence of the high cytosolic availability generated by its 295 ectopic overexpression and release from AJs.
296
Interestingly, not every ectodermal cell was affected by these treatments even though all of the 297 cells expressed the injected mRNAs ( Figure 5A , 5E, and S6). This patched pattern suggests that 12 the response to Nvsnail over-expression is spatially regulated. These results suggest that the role 299 of Nvsnail genes on AJs and apicobasal cell polarity is constrained to the site of gastrulation in N.
300
vectensis embryos under natural conditions, and that these genes may be required for gastrulation 301 movements. Therefore, we predicted that ß-catenin (AJs) and Par proteins will be retained in the 302 cells of the N. vectensis endomesodermal plate if both Nvsnail genes are disrupted.
304
Nvsnail genes downregulate apicobasal cell polarity and AJs in the endomesodermal 305 epithelium of N. vectensis embryos.
306
The snail genes temporally down-regulate E-cadherin during mesoderm segregation and EMT in 307 bilaterian animals (Lim & Thiery, 2012). As we have shown here, as well as in previous studies 
318
To address these issues, we used CRISPR/Cas9 knock-out of Nvsnail-A and Nvsnail-B genes 319 together to inhibit zygotic function of these genes and investigate their role on the temporal 320 regulation of AJs and cell polarity. In CRISPR/Cas9 mutants, the endomesodermal plate forms but 321 it does not migrate further than its first invagination during gastrulation ( Figure 5F ). Furthermore,
322
AJs (labeled with ß-catenin) and apical Par proteins (labeled with antiNvPar-6 and antiNvaPKC) 323 are retained at the apical cortex of the cells of the endomesodermal plate ( Figure 5F and S6).
324 Surprisingly, NvPar-1 and NvLgl were not detected in those cells ( Figure 5F ), suggesting that the 325 degradation of these basolateral proteins precede or do not depend on the activity of the Nvsnail 326 genes. This suggests that Nvsnail regulates apical cell-polarity, AJs turnover, and the migration 327 13 ('zippering') but not the invagination of the endomesodermal plate during gastrulation of N. 
334
The segregation of different germ layers during embryogenesis of many bilaterian animals is 335 carried out by similar cellular mechanisms. EMT is a shared mechanism utilized by mesoderm, 
361
Our working hypothesis is that the N. vectensis embryo is composed of two independent 362 morphogenetic modules that are integrated and organized by the pharynx (Figure 5G ). The first 363 observation is that the ectoderm, whose apicobasal polarity (and thus, AJs and epithelial integrity) 
376
The dual identity and collective migration of the endomesodermal cells.
377
Bilaterian-EMT has been a focus of study for decades as a mechanism to segregate different cell 378 layers involved in a variety of different normal and pathological biological processes (Nieto, Huang, 379 Jackson, & Thiery, 2016; Ohsawa et al., 2018) . This process appears to depend on the fine 
383
Dedhar, Kalluri, & Thompson, 2006; Nieto et al., 2016; Ribeiro & Paredes, 2014; Theveneau & 15 mechanism by which the endomesodermal epithelium migrates into the blastocoel in N. vectensis 386 embryos during normal gastrulation ( Figure 6 ). In this scenario, upstream factors that regulate snail 387 transcription may be critical for this process.
389
In bilaterian animals, there are many other pathways in addition to the canonical Wnt pathway that 
426
Hence in bilaterians, a mechanism (most likely downstream of Snail) that connects the 
454
All immunohistochemistry experiments were carried out using the previous protocol for N.
455
vectensis (Salinas-Saavedra et al., 2015) with a slight modification in the glutaraldehyde 456 concentration to allow better antibody penetration. Embryos were fixed on a rocking platform at 457 room temperature in two consecutive steps. Embryos of different stages were fixed for no longer 458 than 3 minutes in fresh Fix-1 (100mM HEPES pH 6.9; 0.05M EGTA; 5mM MgSO4; 200mM NaCl; 459 1x PBS; 3.7% Formaldehyde; 0.2% Glutaraldehyde; 0.5% Triton X-100; and pure water). Then,
460
Fix-1 was removed and replace with fresh Fix-2 (100mM HEPES pH 6.9; 0.05M EGTA; 5mM 461 MgSO4; 200mM NaCl; 1x PBS; 3.7% Formaldehyde; 0.05% Glutaraldehyde; 0.5% Triton X-100; 462 and pure water). Embryos were incubated in Fix-2 for 1 hour. Fixed embryos were rinsed at least 463 five times in PBT (PBS buffer plus 0.1% BSA and 0.2% Triton X-100) for a total period of 3 hours.
464
PBT was replaced with 5% normal goat serum (NGS; diluted in PBT) and fixed embryos were 465 blocked for 1 to 2 hours at room temperature with gentle rocking. Primary antibodies were diluted 466 in 5% NGS to desired concentration. Blocking solution was removed and replaced with primary 467 antibodies diluted in NGS. All antibodies incubations were conducted over night on a rocker at 4°C.
468
After incubation of the primary antibodies, samples were washed at least five times with PBT for a 469 total period of 3 hours. Secondary antibodies were then applied (1:250 in 5% NGS) and samples 470 were left on a rocker overnight at 4°C. Samples were then washed with PBT and left on a rocker at 471 room temperature for an hour. To visualize F-actin, samples were incubated then for 1.5 hours in the injected dextran. We scored more than 1,000 embryos per each antibody staining and confocal 481 imaged more than 50 embryos at each stage.
483
The primary antibodies and concentrations used were: mouse anti-alpha tubulin (1:500; Sigma-484 Aldrich, Inc. Cat.# T9026. RRID:AB_477593), rabbit anti-ß-catenin (1:300; Sigma-Aldrich, Inc.
485
Cat.# C2206. RRID:AB_476831), mouse anti-histone H1 (1:300; F152.C25.WJJ, Millipore, Inc.
486
RRID:AB_10845941).
487
Rabbit anti-NvaPKC, rabbit anti-NvLgl, rabbit anti-NvPar-1, and rabbit anti-NvPar-6 antibodies are 488 custom made high affinity-purified peptide antibodies that were previously raised by the same 489 company (Bethyl Inc.). All these four antibodies are specific to N. vectensis proteins (Salinas- The coding region for each gene of interest was PCR-amplified and cloned into pSPE3-mVenus or 506 pSPE3-mCherry using the Gateway system (Roure et al., 2007) . Eggs were injected directly after 507 fertilization as previously described (Layden et al., 2013; Salinas-Saavedra et al., 2015) with the 508 mRNA encoding one or more proteins fused in frame with reporter fluorescent protein (N-terminal 509 tag) using final concentrations of 450 ng/µl for each gene. Fluorescent dextran was also co-510 injected to visualize the embryos. For single blastomere microinjections, we raised the embryos 511 until 8-16 cell stages (3-4 hpf) and co-injected the mRNA solution with Biotinylated Dextran Amine-
512
Texas Red (10 µg/µl; Vector labs, Inc. Cat.# SP-1140. RRID:AB_2336249). Live embryos were 513 kept at 16ºC and visualized after the mRNA of the FP was translated into protein (2-3 hours). To 514 avoid lethality, lower mRNA concentrations of the mutant proteins (250 ng/µl) were used to image 515 the specimens for Figures 2 and 4 , and Movie S1. Live embryos were mounted in 1/3 sea water for 516 visualization. Images were documented at different stages from 3-96 hrs. post fertilization. We 517 injected and recorded more than 500 embryos for each injected protein and confocal imaged 518 approximately 20 specimens for each stage for detailed analysis of phenotypes in vivo. We 519 repeated each experiment at least five times obtaining similar results for each case. The To target our gene of interest, we used synthetic guide RNAs (sgRNA; Synthego, Inc.) and 524 followed the instructions obtained from the manufacturer to form the RNP complex with Cas9 525 (Cas9 plus sgRNAs). Target sites, off-target sites, and CFD scores were identified and sgRNA 526 were designed using CRISPRscan (Doench et al., 2014; Moreno-Mateos et al., 2015) . We 527 delivered the RNP complex by microinjection as previously described (Ikmi, McKinney, Delventhal, 528 & Gibson, 2014; Servetnick et al., 2017; N. Wijesena et al., 2017) . Lyophilized Cas9 (PNA Bio.,
529
Inc. Cat.# CP01) was reconstituted in nuclease-free water with 20% glycerol to a final 530 20 concentration of 2µg/µl. Reconstituted Cas9 was aliquoted for single use and stored at -80ºC.
531
Embryos were injected, as described for mRNA microinjections, with a mixture (12.5µl) containing 
543
In situ hybridization
544
In situ hybridization was carried out following a previously published protocol for N. vectensis 545 (Wolenski et al., 2013) . Animals were fixed in ice-cold 4% paraformaldehyde with 0.2% 546 glutaraldehyde in 1/3x seawater for 2 min, followed by 4% paraformaldehyde in PBTw for 1 hour at 547 4°C. Digoxigenin (DIG)-labeled probes, previously described (Röttinger et al., 2012; Salinas-548 Saavedra et al., 2015) , were hybridized at 63°C for 2 days and developed with the enzymatic 549 reaction of NBT/BCIP as substrate for the alkaline phosphatase conjugated anti-DIG antibody ( 
